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Mechanical reinforcementThe study investigates plant reinforcement to the stability of coarse-grained soil slopes, exploring the rel-
ative contribution of mechanical root reinforcement and hydrological effects of plant-induced matric suc-
tion. A numerical model is used to capture both mechanical root reinforcement and hydrological effects,
including evapotranspiration with different root architectures and root-induced changes in soil water
retention curve and hydraulic conductivity. Mechanical reinforcement is effective only in shallow depths,
where the most root biomass exists. Hydrological reinforcement is much more significant in deeper
depths (>1 m), but this effect could vanish due to root-induced increase in hydraulic conductivity.
 2017 The Authors. Published by Elsevier Ltd. This is an openaccess article under the CCBY license (http://
creativecommons.org/licenses/by/4.0/).1. Introduction
Soil bioengineering using vegetation has been recognised as an
environmentally friendly engineering method for slope stabilisa-
tion. A well-known effect of roots on slope stability is the mechan-
ical reinforcements by roots in shallow soil. Plant roots which
could sustain tension permeate into soil pore space and increase
shear strength of the soil-root composite. In past decades, the
mechanical root reinforcement has been extensively quantified
experimentally and analytically [1–4] and this effect is usually
included in slope stability calculation [5–9]. The contribution of
mechanical reinforcement to soil strength depends not only on
the root biomechanical properties but also on the amount of roots
available in rooted zone. Field studies [10,11] reported that for nat-
ural plants, root biomass is mainly concentrated in the top 0.5 m,
below which the root number reduces substantially depending
on root architecture. Mechanical reinforcement is thus considered
to be especially effective for resisting surface erosion and shallow
slope stabilisation.
Hydrological reinforcement via evapotranspiration (ET) has also
been shown to be important to slope stability [10,12–17]. ET is
defined as the combined loss of water from a given area, and dur-
ing a specified period of time, by evaporation from the soil surface
and by transpiration from plants [18]. Various field and laboratory
studies reported that the antecedent drying effects by ET before
rainfall could induce a significant amount of matric suction andhence preserve suction in the soil (between 5 and 150 kPa;
depending on the types of soil and plant) after rainfalls [14,19–
23]. Centrifuge model tests conducted by Ng et al. [15] have shown
that neglecting the effects of ET before rainfall could result in an
underestimation of factor of safety (FS) by up to 50% after rainfalls.
Suction induced/preserved did not only reduce soil hydraulic con-
ductivity (hence infiltration; [24]) but also increase soil shear
strength [25]. When subject to prolonged rainfall, although matric
suction is likely to have been dropped to zero in shallow depths, it
is not uncommon to see some creditable amount of suction pre-
served in deeper depths (i.e., 1–2 m; [14,19,26]), where sliding
mode of slope failure typically happens. In fact, ET did not remove
soil moisture only within the root zone, but also could extend its
influence zone of suction to a much deeper depth below the root
zone for up to four times of the root depth [13,22,23,27].
Hydrological effects of vegetation should not collectively refer
to only the antecedent effects due to ET-induced matric suction.
Previous studies have revealed that the presence of plant roots in
the soil could cause a change in soil hydraulic properties [20,28–
31]. Experimental work reported by Scanlan and Hinz [32], Scholl
et al. [29] and Leung et al. [20] have all shown that the presence
of roots affects the water retention capacity, hence the shape of soil
water retention curve (SWRC), especially in low suction ranges. Ng
et al. [31] develops a model to explain the root effects as the
change in void ratio of coarse-grained soils due to physical root
occupancy in soil pore space. The effects of vegetation on another
soil hydraulic property, infiltration rate and hydraulic conductivity,
on the other hand, also received some attention in the literature
[19,26,28,30,33]. In general, the findings are inconclusive because
Nomenclature
Ar sum of total root cross-section area
As soil cross-section area
A fitting parameter for the relationship between ks and e
B fitting parameter for the relationship between ks and e
c0 effective cohesion
cr root cohesion
e void ratio
e0 void ratio of parent soil
FS factor of safety
GðgÞ parameter related to root distribution
h water pressure head
H depth of the water table
ks saturated hydraulic conductivity
kðhÞ permeability function (as a function of water pressure
head)
kðwÞ permeability function (as a function of soil matric suc-
tion)
m1 parameter controlling the shaper of SWRC
m2 parameter controlling the shaper of SWRC
m3 parameter related to the AEV of soil
m4 parameter related to the AEV of soil
Vr total volume of roots
Vs unit volume of soil
RAI root area index
RAR root area ratio
Rv root volume ratio
S degree of saturation
Sr residual degree of saturation
ST sink term
Smax maximum sink when transpiration is not suppressed by
oxygen and water stresses
t time
Tr average root tensile strength
ua pore-air pressure
uw pore-water pressure
z soil depth
Z pre-defined depth of a slip surface
w soil matric suction
n angle of shear distortion of roots
aðwÞ transpiration reduction function
gðzÞ root distribution along depth
b inclination of the infinite slope
cs dry unit weight of vegetated soil
cw unit weight of water
k parameter that represents the radiation interception by
plant leaves
h volumetric water content
r total normal stress
sb shear strength of bare soil
/0 effective friction angle
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ity (ks), while some showed an increase. Certainly, these hydrolog-
ical effects of plant (herein defined as root-induced changes in soil
hydraulic properties) could play a role in soil hydrology and stabil-
ity, but they have generally been ignored in most of the existing
stability analysis.
Because of the lack of research, hydrological reinforcements of
vegetation (i.e., a combination of the effects of ET and root-
induced change in soil hydraulic properties) are often neglected
when quantifying the stability of a vegetated slope. Liu et al. [34]
is one of the rare studies, which attempt to estimate the effect of
ET-induced suction on slope stability. Other hydrological effects
and mechanical root reinforcement are not considered. In fact,
the field study carried out by Pollen-Bankhead and Simon [12]
showed that while mechanical reinforcement increased the FS of
a streambank by 25%, the effects of ET -induced suction translated
in a much more significant increase in FS by 52%. Rahardjo et al.
[14] also reported that while the control fallow slope had 25.9%
drop in FS after 24 h of rainfall, the vegetated slopes had a decrease
of only less than 7% in FS. More research is thus needed to clarify
the relative importance between the mechanical and hydrological
reinforcements of plant roots to slope stability.
The aim of this paper is to develop a model that can quantify the
mechanical and hydrological effects and their relative contribution
on the stability of an unsaturated vegetated coarse-grained soil
slope. In this model, the hydrological effects of vegetation consid-
ered include (i) ET; (ii) root-induced change in soil water retention
curve (SWRC) and (iii) root-induced change in saturated hydraulic
conductivity (ks). The model is validated by two sets of field
double-ring infiltration tests on both bare and vegetated grounds.
Using the validated model, a series of parametric studies on the
effects of different root architectures on soil hydraulic properties,
soil hydrology (in terms of matric suction) and slope stability (in
terms of FS) are conducted. The relative significance of the
mechanical and hydrological contributions of roots to the slope
stability is then investigated and highlighted.2. Materials and methods
In order to assess the stability of an unsaturated vegetated
slope, soil hydrology and its change due to the hydrological effects
of vegetation needs to be considered. Therefore, two stages of cal-
culation are conducted. The first stage is to determine the pore-
water pressure distribution through transient seepage analysis.
The calculated results are then used in the second stage for slope
stability analysis using the limit equilibrium method.
2.1. Hydrological model for an unsaturated vegetated soil
Consider one-dimensional (1D) transient seepage in an unsatu-
rated soil along the depth, z, Richard’s equation is used to describe
the process
dh
dt
¼ d
dz
kðhÞ dh
dz
þ 1
  
 STðw or h; zÞ ð1Þ
where h is the volumetric water content; t is the elapsed time, h is
the water pressure head; kðhÞ is the soil hydraulic conductivity
function as a function of h or matric suction (w ¼ hcw, where cw
is the unit weight of water); and ST is the sink term, which repre-
sents the volume of water transpired by a plant integrating over
the entire root zone for a given time interval [35]. Mathematically,
ST may be expressed as follows:
STðw or h; zÞ ¼ aðwÞ  Smax ¼ aðwÞ  GðgÞ  PT ð2Þ
where aðwÞ is known as transpiration reduction function, ranging
from 0 to 1; GðgÞ is related to root architecture, gðzÞ; and Smax is
the maximum sink when transpiration is not suppressed by oxygen
and water stresses (i.e., aðwÞ ¼ 1; [35]. Under this condition, the
plant undergoes potential transpiration (PT; maximum amount of
water that plants could extract water from the soil [36]). Otherwise,
the amount of plant-water uptake (ST ) would depend on both the
magnitude and distribution of suction within the root zone.
Fig. 1. Definition of the geometry of an infinite vegetated slope.
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to assess transient seepage in unsaturated soil; kðhÞ and soil water
retention curve (SWRC; which depicts the relationship between w
and degree of saturation, S). In addition to the hydrological effects
of root-water uptake as captured by Eq. (2), Ng et al. [31] suggests
that the presence of fine roots (i.e., diameter less than 2 mm; [37]
could modify the SWRC of coarse-grained soil due to the change in
soil void ratio. Based on the existing field and laboratory data, they
assume that part of the soil pore space is occupied by certain vol-
ume of roots. By considering a phase diagram of an unsaturated
rooted soil, Ng et al. [31] proposed the following equation to model
the root-induced change in void ratio, e
e ¼ e0  Rvð1þ e0Þ
1þ Rvð1þ e0Þ ð3Þ
where e0 is the void ratio before root permeation (i.e., bare soil); Rv
is the root volume ratio, which is defined as the total volume of
roots (Vr) per unit volume of soil (Vs). Eq. (3) is then fed into the
void ratio-dependency SWRC equation proposed by Gallipoli et al.
[38]:
S ¼ 1þ we
m4
m3
 m2 m1
ð4Þ
wherem1,m2,m3 andm4 are the model parameters.m1 andm2 con-
trol the shape of SWRC [39], while m3 and m4 are related to the air-
entry value (AEV) of the soil. It should be noted that the model pro-
posed by Ng et al. [31], however, may not be applicable to fine-
grained soils. Root growth in fine-grained soil has shown to cause
substantial changes in soil volume, soil aggregation [40] and forma-
tion of macro-structures and cracks, the processes of which are all
not taken into account in the model. The predictability of Eqs. (3)
and (4) has been evaluated by Ng et al. [31].
For kðwÞ, it can be expressed by the equation proposed by van
Genuchten [39], as follows:
kðwÞ ¼ ks  S0:5 1 1 S
1
m1
 m1h i2 ð5Þ
wherem1 is identical to that used to define the SWRC in Eq. (4); ks is
the saturated hydraulic conductivity. Some field and laboratory
studies [14,27,41–43] show that ks of vegetated soil could be
reduced by the presence of roots, as compared to fallow soil. This
is probably because of root occupancy of soil pore space and hence
reduction of soil void ratio and hence hydraulic conductivity. The
following empirical form of equation [44] may then be used to
describe the relationship between ks and e:
ks ¼ a  expðb  eÞ ð6Þ
where a and b are fitting parameters. Eqs. (1)–(6) were imple-
mented by an author-developed script using Matlab. Richard’s
equation (Eq. (1)) was solved by a fully-implicit finite difference
method [45].
2.2. Stability equation of an infinite vegetated soil slope
According to a shear strength theory of an unsaturated soil [46],
the shear strength of a bare soil, sb, at failure can be calculated as
follows:
sb ¼ c0 þ ðr uaÞ tan£0 þ ðua  uwÞ ðtan£0Þ S Sr1 Sr
  
ð7Þ
where c0 is the effective cohesion; r is the total normal stress; ua
and uw are the pore-air and pore-water pressure, respectively (note:
ðua  uwÞ is equal to matric suction, w); /0 is the effective friction
angle; S is the degree of saturation, which follows Eq. (4); and Sr
is the residual S. The shear strength of an unsaturated soil varieswith suction and SWRC. Experimental evident reported by Hossain
and Yin [47] showed that the shear strength equation proposed by
Vanapalli et al. [46] (Eq. (7)) fitted well with the shearing behaviour
of compacted completely decomposed granite (i.e., the same soil
type investigated in the present study) for the matric suction range
from 0 to 300 kPa. It should be noted that for other soil types, dif-
ferent shear strength equations [48] might be used to more cor-
rectly determine the effects of suction on shear strength and
factor of safety. For vegetated soil, additional shear strength con-
tributed by the mechanical root reinforcement is commonly consid-
ered through the so-called root cohesion, cr . Wu et al. [1] proposed a
semi-empirical expression for cr , which was later modified by Preti
and Schwarz [49]:
cr ¼ 0:4  ðsin nþ cos n tan£0Þ  Tr  RAR ð8Þ
where n is the angle of shear distortion in the shear zone at root
breakage; Tr is the average root tensile strength; and RAR is the root
area ratio, which is defined as the ratio of the sum of total root
cross-section area ðAr) to the soil cross-section area ðAs). Wu et al.
[1] showed that the term, ðsin nþ cos n tan£0Þ, is close to 1.2. Eq.
(8) assumes that all the roots break simultaneously, without consid-
ering any progressive failure of roots. In order to correct for the
overestimation of the root reinforcement due to this assumption,
an empirical correction factor of 0.4 is applied by Preti and Schwarz
[49]. This factor was calculated by the ratio of average measured
root cohesion to predicted values by Wu et al. [1]’s equation. Hence,
the shear strength of an unsaturated vegetated soil, sr , can be deter-
mined by the sum of Eqs. (7) and (8).
Fig. 1 shows the geometry and definition of parameters of an
infinite unsaturated vegetated slope with a groundwater table at
depth H. Shear stress induced by the self-weight of the vegetated
soil at any pre-defined depth of a slip surface, Z, must be balanced
by soil shear strength. Based on force equilibrium, FS of an infinite
slope with an inclination of b at failure can be expressed as:
FS ¼
c0  uw ðtan£0Þ SSr1Sr
 h i
þ 0:48  Tr  RAR
csZ þ cw
R Z
0 hdz
h i
sinb cosb
þ tan£
0
tanb
ð9Þ
102 J.J. Ni et al. / Computers and Geotechnics 95 (2018) 99–109where cs is the dry unit weight of vegetated soil. Hence, by using
Eqs. (1)–(9), the coupled effects of (i) mechanical root reinforce-
ment; (ii) hydrological effects of ET and (iii) root-induced change
in soil hydraulic properties on the FS of an unsaturated vegetated
coarse-grained soil slope can be considered simultaneously.Fig. 2. Variations of measured root volume ratio (Rv) with depth. Error bar
represents standard deviation.2.3. Calibration and validation of the hydrological model
The hydrological models (i.e., Eqs. (1)–(6)) are validated against
two sets of field double-ring infiltration tests conducted by Leung
et al. [33] and Ng et al. [31]. These field studies represent two of the
rare field datasets that contain sufficient information of both soils
and plants for calibrating and validating the hydrological models.
Both field studies tested the same coarse-grained soil types (silty
sand) and the same plant species (Schefflera heptaphylla). In both
cases, a constant-head ponding was maintained on the ground sur-
face within the double rings, until a steady-state condition had
reached. During testing, w from depths of 0.1–0.5 mwas monitored
by jet-fill tensiometers (Soilmoisture Equipment Corporation;
2725A; ranging from 0 to 80 kPa with accuracy and resolution of
1 kPa). The differences between the two field studies are (i) the ini-
tial distribution of matric suction; (ii) the climate conditions dur-
ing testing (see Table 1); and (iii) the root characteristics.
Before validation, the model parameters involved in the sink
term (i.e., Eq. (2)) and the models that capture root-induced change
in soil hydraulic properties (i.e., from Eqs. (3)–(6)) are calibrated. In
both field experiments, w recorded was well below 100 kPa. Feddes
et al. [35] suggests that under this condition, plant may transpire
without developing much oxygen and water stresses. Hence, it is
reasonable to assume aðwÞ to be 1. To calibrate GðgÞ, the distribu-
tions of Rv of the trees tested in the two studies are needed. As
shown in Fig. 2, both Rv profiles are parabola in shape. However,
the peak Rv for the trees tested by Ng et al. [31] was higher than
that in Leung et al. [33], while the root depth in the former case
was 100 mm shorter. In each case, the distribution of GðgÞ is
obtained by dividing Rv at each depth by the integration of Rv for
the entire root zone up to the root depth.
PT is determined by partitioning the potential evapotranspira-
tion (PET) through the Beer-Lambert law [50], as follows:
PT ¼ PETð1 expðk  LAIÞÞ ð10Þ
where k is the parameter that represents the radiation interception
by plant leaves (taken to be 0.75 for S. heptaphylla; [51]); and LAI is
the Leaf Area Index, which is 1.8 for the S. heptaphylla in both field
studies. LAI is defined as the ratio of the total leaf area to the pro-
jected area of canopy on the soil surface in horizontal plane [52].
The total leaf area was determined by image analysis using an
open-source software, ImageJ [53]. Images of each individual tree
leaf were taken by a high-resolution camera and were then con-
verted to binary images for obtaining the total leaf area. The pro-
jected area of canopy was determined by the circular area, of
which the diameter is defined by the maximum lateral spread ofTable 1
Summary of climate data for the field tests conducted by Ng et al. [31] and Leung et al.
[33].
Climate data Ng et al. [31] Leung et al. [33]
Air temperature (C) 21.1 17.1
Solar radiation (MJ/m2/day) 8.8 9.3
Relative humidity (%) 87 81
Wind speed (m/s) 2 2
Potential evapotranspiration (PET; mm/h)* 0.27 0.24
Potential transpiration (PT; mm/h)** 0.20 0.18
* PET calculated by Penman-Monteith equation [55].
** PT calculated by the partitioning equation proposed by Richie (1972; Eq. (10)).tree canopy. Potential evapotranspiration (PET) is defined as the
maximum amount of ET under well (or unlimited) water supply
condition [54], which can be calculated by the Penman-Monteith
equation [55]. Eq. (10) is commonly used to partition PT from PET
[50,56,57]. It is originally developed for a row grain sorghum (Sor-
ghum bicolor L.) canopy in [50]. Recent studies have demonstrated
that Eq. (10) is also reasonably applicable to other plant functional
groups including trees (S. heptaphylla; [20]) and shrubs (Guapira
macrocarpa; [56]). Using the climate data presented in Table 1,
the calculated PET for the field tests conducted by Ng et al. [31]
and Leung et al. [33] is 0.27 and 0.24 mm/h, respectively. For the
given LAI of 1.8, the PT calculated by Eq. (10) is found to be 0.20
and 0.18 mm/h for the two cases, respectively. Hence, by subtract-
ing PT from PET, the potential evaporation (PE, maximum amount of
water leaves the soil surface as vapour under well (or unlimited)
water supply condition [58]) for the case of Ng et al. [31] and Leung
et al. [33] was 0.07 mm/h and 0.06 mm/h, respectively. For the bare
soil case, PE was estimated by Penman equation [58]. Based on the
climate data provided by Ng et al. [31] and Leung et al. [33], the PE
was 0.12 and 0.11 mm/h, respectively.
In order to calibrate the model parameters in Eq. (4), SWRC of
bare soil measured in the field is used. Fig. 3 shows the measured
SWRC of the bare silty sand at an e0 of 0.52. By fitting the data
using Eq. (4), the parameters, m1, m2, m3 and m4 are calibrated to
be 0.11, 2.5, 0.30 and 3.64, respectively. By using these calibrated
parameters and the known Rv (Fig. 2), SWRC of rooted soil is pre-Fig. 3. Soil water retention curves of CDG with and without the presence of roots.
Table 2
Summary of parameters used to define SWRC (Eq. (4)) in the model validation.
Case Parameters Root depth [m] Corresponding Rv [mm3/mm3]
m1 [–] m2 [–] m3 [kPa] m4 [–] e0 [–]
Leung et al. [20]
0.11 2.5 0.30 3.64 0.52
0.3 0.018
Ng et al. [31] 0.2 0.025
J.J. Ni et al. / Computers and Geotechnics 95 (2018) 99–109 103dicted. The predicted SWRCs of root-permeated soil at the depth,
where the peak Rv value of 0.018 mm3/mm3 (for case [33]; refer
to Fig. 2) and 0.025 mm3/mm3 (for case [31]) are identified, are
shown in Fig. 3. It should be noted that for a known parabolic dis-
tribution of Rv , Eqs. (3) and (4) could be used to predict SWRC of
rooted soil at different depths within the root zone. Table 2 sum-
marises all the calibrated parameters used to define Eq. (4) in the
model validation.
The model parameters for Eq. (6) are calibrated using the data
reported by Leung et al. [33], who measured ks of the silty sand
vegetated with S. heptaphylla using a double-ring infiltrometer.
The relationship between ks and e (see Fig. 4) is log-linear and is
fitted by Eq. (6). The parameters a and b are 6  1010 m/s and
14.8, respectively. Hence, kðwÞ at different depths within the root
zone in Eq. (5) can be estimated. For the bare soil at e0 of 0.52,
the ks is 1.22  106 m/s.
For the validation of each field study, a 1D soil profile with
4.5 m depth (beyond which bedrock was found in the field) is con-
sidered. A constant head of 100 mm is specified as the top bound-
ary for two hours. At the bottom boundary, a constant water table
at 4.5 m depth as observed by Leung et al. [33] is set. Based on the
field monitoring results, w before ponding distributed fairly lin-Fig. 4. Relationship between saturated hydraulic conductivity (ks) and void ratio (e)
with and without the presence of roots.
Table 3
Summary of input parameters and boundary conditions adopted for model validation.
Simulation IDa Input parameters B
Root depth [m] PE or PT [mm/h] SWRC & kðwÞ T
B N/A PE: 0.12 Bare soilb
C
V1 0.3 PT: 0.18
Bare soilbV2 0.2 PT: 0.20
VR1 0.3 PT: 0.18 Vegetated soil 1c
VR2 0.2 PT: 0.20 Vegetated soil 2c
a ‘‘B” donates Bare soil, ‘‘V” donates Vegetated soil, ‘‘R” donates that root-induced chan
study by Leung et al. [33] and Ng et al. [31], respectively.
b The input soil parameters: m1 = 0.11, m2 = 2.5; m3 = 0.30 kPa, m4 = 3.64, e0 = 0.52,
c The SWRC & k(w) are calculated by Eqs. (3)–(6) using Rv distributions shown in Fig.early (shown later). Thus a linear initial distribution of w is speci-
fied in both cases of simulations.
Three simulations are conducted for each field study. The first
one is to simulate the ponding test on the bare soil (Case B). In this
case, the SWRC and kðwÞ of the bare soil is specified for the entire
soil profile. The second and third analyses aim to model the pond-
ing test on the vegetated ground. Thus, a root zone is specified in
the top of the soil profile. In the second analysis (Cases V1 and
V2 for Leung et al. [33] and Ng et al. [31]), only the effects of ET
are modelled, without considering the root-induced changes in
SWRC and kðwÞ. In other words, the hydraulic properties of the bare
soil are specified both within and below the root zone. In the third
analysis (Cases VR1 and VR2), both the effects of ET and root-
induced changes in the two hydraulic properties are considered.
Within the root zone, the modified SWRC and kðwÞ due to the pres-
ence of roots are used. Table 3 summarises the input parameters
and boundary conditions used in the model validation.2.4. Parametric study
After validating the hydrological model, parametric study is
conducted to study the effects of vegetation on slope stability using
Eq. (9). The main objective of the parametric study is to identify the
relative importance among the three factors, namely (i) mechani-
cal effects of root reinforcement; (ii) hydrological effects of ET
and (iii) root-induced change in soil hydraulic properties, on slope
stability. An infinite slope with an angle b of 40 and a thickness
(H) of 10 m is considered to be subjected to a rainfall event with
a duration of 24 h. The slope geometry chosen for analysis falls
within the typical ranges for man-made slopes such as cuttings
and embankments in crowded cities like Hong Kong [59] and Sin-
gapore [60]. The soil considered in the simulation is completely
decomposed granite (CDG; a common soil type typically found in
tropical and subtropical regions such as Hong Kong, Brazil and
South Korea). The CDG considered in this study has a typical dry
unit weight cs of 15 kN/m
3, effective cohesion c0 of zero and a
critical-state friction angle of 37.4 [47,61]. Since the slope angle
is higher than the critical-state friction angle, the initial stability
of the bare slope (i.e., Case B) is maintained by the hydrostatic
matric suction generated by a water table located at 10 m depth.
The SWRC and kðwÞ of the CDG are taken to be the same as those
adopted in the validation.oundary conditions
op Bottom
onstant water head of 100 mm Constant groundwater table at 4.5 m depth
ges in soil hydraulic properties is considered in an analysis; ‘‘1” and ‘‘2” refers to the
ks = 1.22  106 m/s.
2 and parameters summarized in Table 2.
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1 m (typical root depth found in CDG, [11]. The measured Tr of Sch-
efflera heptaphylla that was grown in CDG [11] is specified for the
entire root zone. The reported values of Tr vary from 3.3 to
85.7 MPa, so a lower and upper bound analysis using the two
extreme values are conducted. Four different shapes of Rv distribu-
tion within the 1 m-root zone are considered, namely triangular
[20], c; Case VE), uniform [36]; Case VU), parabolic [33]; Case VP)
and inversely triangular (Case VI) shapes (Fig. 5). For fair compar-
ison, these distributions have the same root depth and the same
total root volume. The Rv values in Fig. 5 are derived from the spe-
cies S. heptaphylla, a common species found in Asia [11,62]. Accord-
ingly, the SWRCs of rooted CDG at different depths within the root
zone are determined by Eqs. (3) and (4). By assuming that a root is
cylindrical in shape, Rv in each case can be converted to RAR for cal-
culating the mechanical root reinforcement using Eq. (8). Consider
a volume of rooted root at a depth range Dh within the root zone:
Rv ¼
P
Vr
Vs
¼
PðAr  DhÞ
As  Dh ¼
P
Ar
As
¼ RAR ð11ÞFig. 5. Four different distributions of root volume ratio (Rv ) with depth for
parametric study.
Table 4
Analysis plan, input parameters and boundary conditions adopted in the parametric study
Simulation
IDa
Input parameters
Hydrological modelling Stability c
Shape of Rv
profile in the
1 m root zone
SWRC within root zone ks [m/s] c0 [kPa]
B N/A See Fig.3 1.22  106
0
VT1
Triangular Follow Eq. (4), Rv
distributions in Fig. 5 and
parameters in Table 2
See Figs. 4
and 5
VT2 1.3  Case
B
VT3 6.5  Case
B
VU Uniform See Figs. 4
and 5VP Parabolic
VI Inverse
triangle
a ‘‘B” donates Bare soil, ‘‘V” donates Vegetated soil, ‘‘E”, ‘‘U”, ‘‘P” and ‘‘I” donates root
triangle, respectively.It should be noted that for vegetated cases, the root-induced
changes in SWRC and kðwÞ take place only in the 1 m-depth root
zone, while the soil hydraulic properties below the root zone follow
those used for the bare soil case. In all five cases (i.e., Cases B, VT,
VU, VP and VI), the same initial distribution of matric suction is con-
sidered. A static groundwater table that was parallel to the slope is
set at 10 m depth. A hydrostatic distribution of matric suction is
hence resulted, having zero value at the base of the slope and a peak
value of 100 kPa at the slope surface. It should be noted that ET
prior to rainfall is not modelled, as this has been extensively inves-
tigated in previous studies [15,16,34,63]. As a result, any differences
in pore-water pressure responses between bare and vegetated soil
would be solely associated with the effects of ET during rainfall
and root-induced changes in soil hydraulic properties within the
root zone.
Regarding the hydraulic boundary condition, rainfall infiltration
is simulated by applying a constant flux boundary of 394 mm/d at
the slope surface for a duration of 24 h (equivalent to the return
period of 10 years; [64]. In an attempt to model runoff, at each time
step, when the rainfall intensity is higher than the infiltration
capacity of the CDG, the flux boundary would be switched to a
pressure boundary with a pressure head of 1 mm. Physically, this
numerical treatment means that any rainwater that could not infil-
trate would discharge in form of surface runoff, leaving a ponding
head of a maximum height of 1 mm. On the contrary, when the
rainfall intensity is smaller than infiltration capacity, the flux
boundary applied would remain unchanged. In order to investigate
the significance of ET during prolonged rainfall, root-water uptake
is considered for the four cases with different Rv profiles through
Eq. (2), where (i) aðwÞ is set to be 1.0, (ii) GðgÞ is considered in
the same way as the validation and (iii) PT is set to be a constant
of 0.2 mm/h (as considered in the validation) for the entire raining
period of 24 h. For Case B, the PE of 0.12 mm/h (as adopted in the
validation) is applied to the slope surface during rainfall. Table 4
summarises the analysis plan, input parameters and boundary con-
ditions used in the parametric study.3. Results and discussion
3.1. Validation results
Fig. 6(a) and (b) show the measured distributions of matric suc-
tion obtained from the field tests conducted by Leung et al. [33]
and Ng et al. [31], respectively. Before applying the surface.
Boundary conditions (for hydrological modelling)
alculation Top Bottom
/0 [o] cr [kPa] PT or PE
[mm/h]
Rainfall event
37.4
N/A PE: 0.12
Constant rainfall
intensity: 394 mm/d
for a duration of 24 h
Constant
groundwater
table at 10 m
depth
See Eq. (8)
and shape
of Rv
PT: 0.20
ed soil with Rv profiles in the shape of exponential, uniform, parabolic and inverse
Fig. 6. Comparisons of measured and predicted suction before and after 2-h
ponding for the field studies conducted by (a) Ng et al. [31] and (b) Leung et al. [33].
J.J. Ni et al. / Computers and Geotechnics 95 (2018) 99–109 105ponding, the initial matric suction between the bare and vegetated
grounds is similar to each other, in both tests. After ponding, suc-
tion in both the bare and vegetated grounds drops to zero in shal-
low depths. Although the initial suction between the two field tests
is different, the amount of suction preserved below the root zone of
the vegetated ground in both cases is always higher than that in
the bare ground, by 85–123%.
The simulation results for each field study are superimposed in
the respective figure for direct comparison. When the effects of
root-induced changes in soil hydraulic properties are ignored and
considering only ET, the predicted suction profile of vegetated
ground after ponding is almost identical to that of the bare ground,Fig. 7. Effects of Rv profiles on preserved suction after 24-h rainfall.for both cases. These small differences are attributed to the small
amount of actual transpiration (i.e., <0.5 mm) during the 2-h
ponding event. The calculated total volume of root-water uptake
within the root zone is less than 2.8  104 mm3, which is negligible
as it is 100 times smaller than the total volume of water infiltrated
(i.e., >4.3  106 mm3). Therefore, root-water uptake could not fully
explain the observed suction preserved in the vegetated grounds.
On the contrary, when root-induced changes in SWRC and kðwÞ
are both considered, the predicted suction profiles in both cases
are closer to the measurements. This highlights the fact that during
relatively short-duration wetting event, the root-induced changes
in soil hydraulic properties is a crucial hydrological effect of vege-
tation that should not be neglected.3.2. Effects of the shape of Rv on soil hydrology
Fig. 7 shows the computed suction profiles of the bare soil and
the vegetated soils with the four different shapes of Rv after 24 h
rainfall. Regardless of the shape of Rv , all four vegetated slopes pre-
serve higher suction than the bare slope. Although most of the suc-
tion disappeared near the slope surface (up to a depth of 1 m), the
suction preserved at deeper depth of 2 m in the vegetated slopes is
110% to 150% higher than that in the bare slope. The field studies
presented by Simon and Collison [10] and Ni et al. [65] and theFig. 8. Distribution of ks along depth for different profiles of Rv.
Fig. 9. Components of water balance in difference cases.
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ability of vegetated soils to preserve matric suction is greater in
deeper depths below the root zone.
Among the four different shapes of Rv , the triangular case shows
a markedly greater ability for vegetated soil to preserve suction
during rainfall, by 10–15 kPa when compared to the other three
cases. No major difference of suction is found among the uniform,
parabolic and inversely triangular cases. Interestingly, numerical
simulations conducted by Ng et al. [66] conclude that during rain-
fall infiltration, the root architecture including the triangular case
does not play a significant role in suction responses. It must be
pointed that their simulation has assumed that the SWRC and
kðwÞ of bare and vegetated soils are identical to each other. The
effects of root-induced changes in soil hydraulic properties had
been ignored. Fig. 8 shows the distributions of ks for different pro-
files of Rv . The four profiles of ks have similar shape as the four pro-
files of Rv presented in Fig. 5. This is because, via Eqs. (3) and (6), ks
changes with e according to the shape of Rv . As shown in Fig. 8, the
reduction of ks in shallow root depth is the greatest for the triangu-
lar Rv profile. This hence leads to more surface runoff, resulting in a
decrease in rainfall infiltration and consequently preserving higher
suction in slopes during rainfall.
Another key observation from Fig. 7 is that when ET was consid-
ered during the prolonged 24 h rainfall, the suction profile has
almost no difference from that without considering this. All com-
ponents of water balance in each case are shown in Fig. 9. After
raining for 24 h, the cumulative evaporation (for bare case) and
ET (for all four vegetated cases) are less than 5 mm, which is neg-Fig. 10. Effects of mechanical reinforcement of vegetation on slope stability after 24-h
Inversely triangular.ligible when compared to the amount of infiltration (in hundredths
mm). The amount of water infiltration in all four vegetated cases is
20–27% lower than that in the bare case because of the root-
induced reduction in ks and partially due to the root-induced
change in SWRC. In all calculations, the amount of water infiltrated
is found to be the same as that stored in soil, as no bottom perco-
lation took place throughout the rainfall event.
3.3. Effects of mechanical and hydrological reinforcements to slope
stability
Fig. 10 shows the FS of the bare slope and the four vegetated
slopes with different profiles of Rv , at the end of the 24 h rainfall
event. It can be seen that the top 2.5 m of the bare slope is unsafe
as the FS is less than 1.0. When only mechanical root reinforcement
is taken into account, the FS in shallow depths increases signifi-
cantly while that in deeper depths remain unchanged, as expected.
Except the inversely triangular root distribution, only shallower
soils up to 0.5 m depth could be stabilised when using the lower
bound Tr. Soil at depths between 0.5 and about 2.5 m, where shal-
low landslip is usually of concerned, remains unstable for all cases.
In Fig. 11, hydrological effects of plants (i.e., a combination of the
effects of ET and root-induced changes in soil hydraulic properties)
on FS are included. It can be seen that the hydrological effects also
contributed partly to the slope stability in shallow depths, but in
less extent as compared to deeper depths. The reason of having
greater hydrological reinforcement effects (i.e., higher FS) in deeper
depth is that the suction (hence shear strength) preserved afterrainfall for different Rv profiles; (a) Triangular; (b) Uniform; (c) Parabolic; and (d)
Fig. 11. Comparisons of the effects of hydrological and mechanical reinforcement (lower bound) of vegetation on slope stability after 24-h rainfall for different Rv profiles; (a)
Triangular; (b) Uniform; (c) Parabolic; and (d) Inversely triangular. B is bare soil, M is mechanical root reinforcement; H1 is the effect of evapotranspiration; H2 is the effect of
root-induced changes in SWRC, H3 is the effect of root-induced changes in ks; and H considers all H1, H2 and H3.
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finding is consistent with various field measurements [65,67].
Fig. 11 also suggests that regardless of the shape of Rv , when all
hydrological effects are ignored, only the top 0.5–1 m of the vege-
tated slope could be stabilised, depending on the shape of Rv . This
has significantly underestimated the ability of vegetation for dee-
per slope stabilisation (up to 2.5 m) through the various mecha-
nisms of hydrological reinforcements.
Since the ET during the 24 h rainfall event was minimal (see
also Fig. 9), the removal of soil moisture through root-water uptake
has only a negligibly small increase in the FS. In other words, ET
effects on any slope stabilisation during rainfall might be practi-
cally ignored. On the other hand, although the presence of roots
has shown to have some effects on SWRC (see Eqs. (3), (4) and
Fig. 3), this particular hydrological mechanism appears not to con-
tribute too much to slope stabilisation, though still greater than the
effects of ET . Predominantly, the hydrological reinforcement is
attributed to the root-induced change in ks. Although this hydro-
logical effect takes place only within the root zone (refer to
Fig. 8), it has a significant effect on the soil hydrology for the entire
soil profile.
When compared the four vegetated cases, no major difference
of deep hydrological reinforcement is found. Consistently, the
mechanism, root-induced changes in ks, plays the most significant
role in slope stabilisation in all four cases. Arguably, roots with atriangular Rv profile provide greater hydrological reinforcement
below the root zone, but not very significantly compared to other
Rv profiles. On the contrary, the shapes of Rv profiles have more
significant impact on the shallowmechanical reinforcement. While
both the triangular and uniform Rv profiles have strong stabilisa-
tion effects in very shallow depth (up to 0.5 m), the inversely trian-
gular profile provides relatively less (i.e., less increase in FS) but has
a much deeper influence depth (up to 1 m).
4. Discussion
The analyses have shown that the hydrological reinforcement is
significant in depths that are relevant to slope stability problem
(i.e., 1–2 m depth), rather than the shallow depth where matric
suction would be largely dropped to zero after prolonged rainfall.
It appears that root-induced changes in ks plays the most promi-
nent role compared to other hydrological effects. Previous studies
[43,68,69] showed that the presence of roots does not necessarily
cause a reduction of ks. ks of vegetated soil could be increased
when roots die or decay due to aging [28,30] or competition of soil
resources such as water due to close proximity of neighbouring
plants [23,65]. These processes would create macro-pores, forming
so-called root channels [70] for preferential water flow to take
place and hence increasing hydraulic conductivity. To quantify
the potential negative effects of root-induced increase in ks, two
Fig. 12. Distribution of (a) matric suction preserved and (b) FS of the vegetated
slope with a triangular profile of Rv after rainfall considering root-induced increase
in ks.
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stability analyses of a vegetated slope which has a triangular Rv
distribution. Based on the field and laboratory data, it is not
uncommon to find a root-induced increase in ks by 1.3–6.5 times
due to root decaying/aging [23,28,30,71,72]. Thus, a lower and an
upper bound calculation is conducted by setting the ks within the
root zone to be uniform and having a value of 1.3 ks (Case VT2)
and 6.5 ks (Case VT3), respectively. Note that Case VT3 is an
extreme condition where the plants were left to decay for
18 months [28].
Fig. 12(a) shows that suction preserved in these two cases was
less than that in the bare slope for the entire 4 m depth. Conse-
quently, the FS of the vegetated slope reduced (Fig. 12(b)). A larger
amount of soil volume becomes unstable, as the slope depth where
FS is less than 1.0 extends from 2.5 m (for bare case) to up to 3.5 m.
It should be pointed out that the hydrological modelling made in
this study considers vertical, 1D water flow. This represents the
worst-case scenario as no lateral flow in the slope is permitted,
‘‘forcing” all infiltrated water to reduce pore-water pressure in dee-
per regions. The predicted suction preserved could thus be under-
estimated in these cases. Nevertheless, more research is needed to
better quantify how much, and under what conditions, ks of rooted
soil would be increased or decreased, and hence how much the
corresponding FS would be affected.5. Conclusions
A numerical model is proposed and developed in this study to
simultaneously consider the mechanical effects of root reinforce-ment and hydrological effects including (i) ET; (ii) root-induced
change in soil water retention curve (SWRC) and (iii) root-
induced change in saturated hydraulic conductivity (ks), on the sta-
bility of an unsaturated vegetated coarse-grained soil slope. By
comparing the model prediction with field data, considering only
hydrological effect (i) is insufficient to predict matric suction in
vegetated soils. Closer matches could be obtained when the other
two hydrological effects (ii) and (iii) are taken into account.
Parametric study using the validated model shows that after a
prolonged 24-h rainfall with a return period of 10 years, mechani-
cal root reinforcement is effective to stabilise the shallow soil of up
to 0.5 m depth generally, where most of the root biomass exists. On
the contrary, hydrological reinforcement considering all the effects
(i), (ii) and (iii) provides much significant effects of soil stabilisa-
tion in deeper depths (i.e., 1–2 m), where slip failure is normally
of major concern. The presence of roots in a vegetated slope pre-
serves higher suction, hence higher shear strength, after rainfall,
as compared to a bare slope. It is identified that reduction in ks
due to the presence of intact roots (i.e., effect (iii)) is the most pre-
dominant hydrological effects. In contrast, increase in ks due to the
presence of dying/decaying roots could be detrimental to slope sta-
bility at 1–2 m depth due to the reduced ability of the vegetated
slope to preserve suction. Other effects, in particular the root-
water uptake through ET during rainfall, are minimal. Their contri-
bution to slope stabilisation could be practically negligible.
The shape of the distribution of root volume ratio (Rv) within
the root zone has a strong effect on shallow mechanical reinforce-
ment, whereas no major difference is found in terms of deep
hydrological reinforcement. Triangular and uniform Rv profiles
provide strong mechanical stabilisation effects in shallow depth
up to 0.5 m, while the inversely triangular profile gives a less sta-
bilisation effect but has a much deeper influence depth of stabilisa-
tion, though generally less than 1 m.Acknowledgements
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